Limited knowledge on the exact functions of ergostane-based sterols has hampered the application of sterol synthesis inhibitors against trypanosomatid parasites. Sterol methyltransferase (SMT) is directly involved in the synthesis of parasite-specific C24-methylated sterols, including ergosterol and 5-dehydroepisterol. While pharmacological studies hint at its potential as a drug target against trypanosomatids, direct evidence for the cellular function and essentiality of SMT is lacking. Here, we characterized the SMT knockout mutants and their complemented strains in Leishmania major, the causative agent for cutaneous leishmaniasis. Deletion of SMT alleles led to a complete loss of C24-methylated sterols, which were replaced by cholestane-based sterols. SMT-null mutants were fully viable and replicative in culture but showed increased sensitivity to sphingolipid synthesis inhibition. They were not particularly vulnerable to heat, acidic pH, nitrosative or oxidative stress, yet exhibited high mitochondrial membrane potential and increased superoxide generation indicating altered physiology of the mitochondria. Despite possessing high levels of GPI-anchored glycoconjugates, SMT-null mutants showed significantly attenuated virulence in mice. In total, our study reveals that the biosynthesis of ergostane-based sterols is crucial for the proper function of mitochondria and the proliferation of Leishmania parasites in mammals.
Introduction
Leishmania is a genus of parasitic protozoans and the causative agent of leishmaniasis which infects 10-12 million people worldwide (Alvar et al., 2012) . The digenetic life cycle of Leishmania parasites is characterized by the flagellated promastigotes found in the midgut of sandflies and the nonflagellated amastigotes in the phagolysosomes of mammalian macrophages. Current treatments are limited and drug resistance is a concern (Croft and Olliaro, 2011; Ponte-Sucre et al., 2017) . Without a safe vaccine, it is necessary to sustain a steady line of new drugs and drug targets. A clear understanding of parasite biology is required for the identification and verification of potential drug targets.
Similar to fungi, Leishmania and other trypanosomatid parasites synthesize ergostane-based sterols such as ergosterol and 5-dehydroepisterol (Goad et al., 1984; Urbina et al., 1996; Urbina, 1997) . In comparison with cholesterol which is synthesized by mammals, ergostane-based sterols have an extra double bond at C7-C8 in the B ring and an unsaturated side chain with a methyl group at the C24 position (Supplemental Fig. S1 ). Such structural difference has led to the development of chemotherapeutic agents targeting sterol biosynthesis in trypanosomatids (Urbina, 1997; de Souza and Rodrigues, 2009; de Macedo-Silva et al., 2015) . For example, the antifungal agent Amphotericin B (Amp B) which preferentially binds ergosterol has been a mainstay drug against leishmaniasis (Torre- Cisneros et al., 1993; Ramos et al., 1996; Lemke et al., 2005) . Although Amp B-based treatments are generally successful against antimony-sensitive and antimony-resistant parasites, the toxicity and less-than-desirable cost-effectiveness of this drug limits its wide spread usage (Sawaya et al., 1995; Coukell and Brogden, 1998; Berman, 2003; Laniado-Laborin and Cabrales-Vargas, 2009 ).
Besides Amp B, other compounds targeting the ergosterol biosynthesis pathway have been found to be effective to various extents. Among these compounds, azoles primarily inhibit the sterol C14-α-demethylase (C14DM) which removes the methyl group from C14 of the sterol intermediates (Supplemental Fig. S1 ) (Jefcoate et al., 1969; Urbina, 1997; Warrilow et al., 2013) . We have shown that Leishmania major C14DM-null mutants (c14dm‾) are viable as promastigotes in culture but exhibit hypersensitivity to heat, increased plasma membrane fluidity, and fail to form detergent resistant membrane fractions (DRMs) (Xu et al., 2014) . C14dm‾ mutants (both promastigotes and amastigotes) also showed severely reduced virulence in a mouse model demonstrating the significance of C14DM in Leishmania survival under stress. As these mutants accumulate 14-methylated sterol intermediates as their main sterols (Xu et al., 2014 ) (Supplemental Fig. S1 ), it is not certain whether these observed defects were due to the depletion of endogenous sterols or accumulation of 14-methylated sterols. Importantly, the fact that these mutants were capable of causing lesions in mice after a delay indicates that targeting C14DM alone may not be sufficient to cure L. major infections (Xu et al., 2014) . Although C14DM is dispensable in L. major, a recent study has demonstrated its essentiality in Leishmania donovani, a species responsible for visceral leishmaniasis (McCall et al., 2015) . Such variations among Leishmania spp. have highlighted the importance of target validation.
In addition to C14DM, the enzyme sterol 24-C-methyltransferase (SMT; EC 2.1.1.41; Erg 6) is of significant interest. SMT catalyzes the transfer of a methyl group from S-adenosyl methionine (SAM) to the C24 position of sterol side chain (Supplemental Fig. S1 ), thereby imparting a major difference between ergosterol and cholesterol synthesis (Moore and Gaylor, 1969) . Mammals do not possess orthologs of SMT, making this protein a potential target of anti-leishmanial drugs or vaccines. Inhibitors of SMT such as 22, 26-azasterol have shown antiproliferative effects against pathogenic fungi (Ghannoum and Rice, 1999; Ishida et al., 2009) , Trypanosoma cruzi and Trypanosoma brucei (Urbina et al., 1996; Lorente et al., 2004; Gros et al., 2006a) . Moreover, azasterols can induce drastic changes in the sterol profile of L. donovani and Leishmania amazonensis characterized by the loss of ergostane-based sterols and their replacements by 24-desalkyl sterols, along with significant growth reduction (Haughan et al., 1995; Rodrigues et al., 2002; Magaraci et al., 2003; Gros et al., 2006b) . SMT inhibitors also cause profound structural changes in the plasma membrane, mitochondrial membrane and endoplasmic reticulum (ER) of L. amazonensis (Rodrigues et al., 2002; Lorente et al., 2004; Rodrigues et al., 2007) . While these studies hint at the potential of SMT as a drug target, SMT-deficient T. brucei procyclics (generated by RNAi knockdown) exhibited normal growth in culture despite of the loss of 24-methylated sterols, suggesting that endogenous sterol is not essential for the insect stage of T. brucei (Perez-Moreno et al., 2012) . In another report, the overexpression of SMT in L. major does not confer increased resistance to 22, 26-azasterol, suggesting this inhibitor may have additional targets (Jimenez-Jimenez et al., 2008) . A critical evaluation of the roles and essentiality of SMT is thus needed.
In addition to being used as a possible drug target, SMT from Leishmania infantum has been tested as a vaccine candidate against different forms of leishmaniasis (Goto et al., 2007; Goto et al., 2009) . In these studies, mice immunized with adjuvant formulated LiSMT demonstrated lower parasite burdens compared to naive or adjuvant-only immunized mice when challenged with L. infantum or L. major. The protection was consistent with the induction of multi-functional CD4 + T cells capable of producing IFN-γ, IL-2 and/or TNF-α upon antigen re-exposure (Goto et al., 2007; Goto et al., 2009) . SMTs from several fungi, plants as well as trypanosomatids have been biochemically characterized (Venkatramesh et al., 1996; Pourshafie et al., 2004; Zhou et al., 2004; Jimenez-Jimenez et al., 2008) . Unlike plant SMTs which catalyze the formation of both mono-methyl and di-methyl sterol products (Nes et al., 2003) , SMT from Saccharomyces cerevisiae carries out mono-methylation reactions converting zymosterol to fecosterol (Nes et al., 1999) . Functional studies of L. donovani SMT showed that the recombinant protein could restore ergosterol synthesis in an Erg6-null mutant S. cerevisiae, indicating that the Leishmania and fungal SMTs fall into the same category (Pourshafie et al., 2004) . In L. major, immunofluorescence and electron microscopy studies suggest that this enzyme is primarily located in the endoplasmic reticulum (ER) as well as vesicles of the endocytic pathway, which is consistent with its role in sterol synthesis (Jimenez-Jimenez et al., 2008) .
Our goal is to understand how Leishmania parasites respond to sterol synthesis perturbations and whether we can identify and exploit the fitness costs associated with their response. In this study, we generated and characterized SMT-null and overexpression mutants in L. major. Our results indicate that despite the loss of ergostane-based sterols, SMT-null parasites show no apparent growth defects under normal culture conditions. They also display wild-type (WT)-like response to heat, acidic pH, nitrosative and oxidative stress. However, these parasites are highly sensitive to inhibition of sphingolipid biosynthesis. Importantly, the mitochondria in these mutants show elevated mitochondrial membrane potential and accumulation of reactive oxygen species (ROS). In addition to mitochondrial defects, SMT-null parasites display attenuated virulence in mouse models. In total, our findings suggest that synthesis of ergostane-based sterols is not required for L. major during the promastigote stage in culture, but is important for the maintenance of mitochondria functions and parasite proliferation during the mammalian stage.
Results

Identification and targeted deletion of SMT orthologs in L. major
Two SMT orthologs were identified as a tandem repeat on chromosome 36 of the L. major genome (Supplemental Fig. S2A ) and designated as SMT80 (TriTrypDB ID: LmjF.36.2380) and SMT90 (LmjF.36.2390). The predicted protein sequences of SMT80 and SMT90 differ in only two amino acids: SMT80 has threonine and alanine at the 8 th and 9 th positions, respectively, whereas SMT90 encodes isoleucine and threonine at these positions (Supplemental Fig. S2B ). They both contain a signature motif for sterol binding (Y64-F74) and a putative SAM-dependent methyltransferase domain (V107-V204, Supplemental Fig. S2B ). A previous study indicates that SMT is located at the ER and endocytic vesicles in L. major promastigotes (Jimenez-Jimenez et al., 2008) . Determinants for such localization have yet to be identified as SMT80 and SMT90 lack clear signal sequences, transmembrane helices or ER retention signals (Supplemental Fig. S2B ).
To investigate the roles of SMT, we generated the SMTnull mutants (smt -) by removing both SMT80 and SMT90 from WT L. major. Our effort was aided by the uniqueness of sequences immediately upstream and downstream of A. Genomic DNA from WT, smt+/-(heterozygotes, three independent clones) and smt¯ (homozygotes, four independent clones) parasites was analyzed by Southern blot using a radioactive probe recognizing an upstream region of the SMT ORFs (SMT80 + SMT90).
Replacements of SMT ORFs with PAC or BSD resistance genes are indicated. B. Promastigotes (•: WT, ○: smt¯, ▼: smt¯/+SMT80) were inoculated in the complete M199 medium at 1.0 × 10 5 cells/ml and cell densities were determined daily. The arrow indicates the start of stationary phase. During the stationary phase, percentages of dead cells C. and metacyclics D. were determined daily. E. Promastigotes (•: WT, ○: smt¯, ▼: smt¯/+SMT80) were inoculated in a FBS-free M199 medium at 2.0 x 10 5 cells/ml and cell densities were determined daily.
SMT80 and SMT90. Deletion of endogenous SMT alleles was verified in four smt -clones by Southern blot (Fig. 1A) .
Loss of SMT expression in smt -was confirmed by reverse transcription-qPCR (Supplemental Fig. S3A and B). To complement these mutants, we introduced either SMT80 (smt -/+SMT80), SMT90 (smt -/+SMT90) or both SMT80
and SMT90 (smt -/+SMT80&90) into smt -, using the high copy number expression vector pXG (Ha et al., 1996) . (Sacks and Perkins, 1985) in stationary phase as efficiently as WT parasites (Fig. 1D) were analyzed by gas chromatography-mass spectrometry (GC-MS) based on their retention times (RT), molecular weights, electron impact mass spectra and relative abundance to an external standard (cholesta-3,5-diene), as we previously reported (Xu et al., 2014) . For WT promastigotes, ergostane-based sterols including 5-dehydroepisterol (IX in Supplemental Fig. S1 and Fig. 2 , RT = 15.37-15.39) and ergosterol (X in Supplemental Fig. S1 and Fig. 2 , RT = 14.75-14.76) constitute 82%-87% of total sterol, whereas cholestane-based sterols such as cholesta-7, 24-dienol, cholesta-5, 7, 24-trienol and cholesterol are the minor components ( Fig. 2A and F, and Supplemental Table S1 ). Deletion of SMT led to a complete loss of ergostane-based sterols and significant accumulation of cholesta-7, 24-dienol and cholesta-5, 7, 24-trienol (VIII and VI in Supplemental Fig. S1 and Fig.  2 , RT = 15.02), the predicted substrates of SMT ( Fig. 2B and F, and Supplemental Table S1 ). Interestingly, SMT80 showed a much better rescue (60%-64% of total sterol is ergostane-based sterol in smt Fig. 2C and F, and Supplemental Table S1 ) than SMT90 (7%-9% of total sterol is ergostane-based sterol in smt Fig. 2D and F, and Supplemental Table S1 ). Reverse transcription q-PCR analysis confirmed that both SMT80 and SMT90 were highly transcribed in the add-back strains (Supplemental Fig. S3B ), indicating that the two amino acid difference may indeed affect the activity or stability of SMT proteins (Supplemental Fig. S2B ). The combined expression of SMT80 and SMT90 restored ergostane-based sterol synthesis to near WT level (72%-76% of total sterol in smt Table S1 ). No significant change in the abundance of cholesterol was observed among WT and SMT-mutant parasites (Fig. 2 and Supplemental Table  S1 ), as this lipid was acquired from the culture media (Korn et al., 1969; Goad et al., 1984) .
In addition to sterols, we also examined the profile of major glycerophospholipids (e.g. phosphatidylcholine, phosphatidylethanolamine and phosphatidylinositol) and sphingolipids (e.g. inositol phosphorylceramide and ceramide) by electron spray ionization mass spectrometry. No significant differences were detected in the SMTmutants in the composition of these lipids (Supplemental Figs S4 and S5 and data not shown). Collectively, these results indicate that: 1) SMT is required for the synthesis of ergostane-based sterols in L. major; and 2) between of the two SMT paralogues, SMT80 is much more active. Since SMT90 has only marginal effect on sterol composition, we used the smt -/+SMT80 parasite as our main complementation line in all subsequent experiments.
Smt -promastigotes are resistant to Amp B but show increased sensitivity to other lipid synthesis inhibitors
Here, we examined the sensitivity of smt -mutants to several agents that target lipids including Amp B, itraconazole (ITZ, a potent inhibitor of C14DM) (Xu et al., 2014) and myriocin. Based the effective concentrations needed to inhibit growth by 25%, 50% and 90% (referred to as EC25, EC50 and EC90 respectively), smt -parasites are 5-10 times more resistant to Amp B than WT and smt -/+SMT80 ( Fig. 3A and Table 1 ). Amp B is a polyene antibiotic that preferentially binds ergostane-based sterols (Baginski et al., 2002; Lemke et al., 2005) and the altered sterol composition in smt -likely confers Amp B resistance. This observation is in line with the c14dm‾ mutants which also lack ergostane-based sterols and are highly resistant to Amp B (Xu et al., 2014) . However, different from c14dm‾, smt -parasites were 2-4 times more sensitive to ITZ based on the EC25 and EC50 values ( Fig. 3B and Table 1 ), suggesting that accumulation of 14-methylated cholestane-based sterols has strong adverse effect. Loss of SMT also rendered the smt -mutants hypersensitive to myriocin, a serine palmitoyltransferase inhibitor (Zhang et al., 2003) ( Fig. 3C and Table 1 ). As expected, myriocin treatment significantly reduced the levels of inositol phosphorylceramide and ceramide in both WT and smt -parasites (Supplemental Fig.   S5 and data not shown). Together, these findings suggest that alteration in sterol content makes smt -mutants more dependent on other lipids to fulfill basic cellular functions.
Smt -promastigotes show increased synthesis of GPIanchored virulence factors
Leishmania promastigotes synthesize important glycosylphosphatidylinositol (GPI)-anchored virulence factors such as lipophosphoglycan (LPG) and GP63 on the plasma membrane (Ilgoutz and McConville, 2001) . To determine whether the altered sterol composition in smt -changes the expression or localization of GPI-anchored molecules, cell lysates from log phase and stationary phase promastigotes were analyzed by Western blot. Results indicate that smt -mutants had significantly higher levels of LPG (~2-fold) than WT parasites ( Fig. 4A-C ). These mutants also showed a moderate increase in the expression of GP63 (Fig. 4A , B and D). Increase in cell-bound LPG was not associated with reduced secretion of LPG or related GPI-anchored molecules in smt -( Fig. 4A and B, 'supernatant'). Also, as indicated in Supplemental Figs S6 and S7, no significant difference in the localization of LPG (mainly plasma membrane) or GP63 (plasma membrane, endocytic vesicles and Golgi) was detected between WT and smt -parasites.
Furthermore, we assessed the presence of GP63 and LPG in ordered membrane microdomains (lipid rafts) by examining the DRMs. As described in previous reports (Denny et al., 2001; Zhang et al., 2003) , in WT parasites, LPG was enriched in DRM during the stationary phase but not log phase (Supplemental Fig. S8A and B) whereas GP63 was associated with DRM in both log phase and stationary phase (Supplemental Fig. S8C and D) . Similar patterns were observed in smt -parasites for LPG and GP63
(Supplemental Fig. S8 ). Therefore, while SMT deletion alters the abundance of LPG and GP63, it does not affect their association with ordered membrane microdomains.
Smt -promastigotes are not hypersensitive to heat, acidic pH, oxidative or nitrosative stress conditions
The L. major c14dm -mutants are extremely sensitive to thermo-stress and this defect is associated with increased plasma membrane fluidity at elevated temperatures (Xu et al., 2014) . To test whether the deletion of SMT results in a similar phenotype, we incubated stationary phase parasites at either 27°C (the regular temperature for promastigote culture) or 37°C (the human body temperature) and measured cell viability over time. As shown in Fig.  5A and B, smt -parasites were similar to WT in terms of survival at either 27°C or 37°C. When treated with 0.5 µM of ITZ, 48%-52% of WT parasites and 58%-76% of smt -mutants died after 8 h of incubation at 37°C, indicating that perturbation of C14DM, but not SMT makes L. major cells susceptible to heat stress (Fig. 5C ). We also assessed the plasma membrane fluidity in smt -mutants through anisotropy measurement after labeling promastigotes with TMA-DPH (a cationic lipophilic probe that diffuses into the outer leaflet of lipid bilayer) as described previously (Xu et al., 2014) . As indicated in Fig. 5D , smt -parasites maintained a similar level of membrane fluidity as WT at both 25°C and 37°C. Next, we examined the ability of smt -promastigotes to tolerate S-nitroso-N-acetylpenicillamine (which generates nitrosative stress), hydrogen peroxide (which generates oxidative stress) and acidic pH. In these assays, smt -mutants responded similarly to WT parasites (Supplemental Fig. S9 ), suggesting that ergostane-based sterols are not required for survival of L. major promastigotes under these stress conditions.
Smt -mutants show increased mitochondrial membrane potential ( m ) and accumulation of ROS
Earlier studies involving the treatment of L. amazonensis promastigotes and axenic amastigotes with SMT inhibitors Ψ have revealed considerable changes in the ultrastructure of mitochondria, a decrease in Ψ m , and a concentrationand time-dependent inhibition of growth (Rodrigues et al., 2002; Rodrigues et al., 2007) . To examine if the deletion of SMT affects mitochondria in L. major, we analyzed the Ψ m in log phase and stationary phase promastigotes labeled with TMRE, a cell-permeant, cationic, fluorescent dye that is readily sequestered by active mitochondria based on Ψ m (Crowley et al., 2016 (Fig. 6B ). As seen with Ψ m , CCCp treatment ablated the ROS overproduction in smt -mutants (Supplemental Fig.   S10A ). In contrast, antimycin A, which blocks oxidative phosphorylation by inhibiting the activity of cytochrome c reductase, induced ROS formation (Fig. 6B ) (Panduri et al., 2004; Balaban et al., 2005) . We also labeled parasites with dihydroethidium, a cytoplasmic ROS indicator (Soh, 2006) . No significant difference was detected between WT and smt -(Supplemental Fig. S10B ), suggesting that most ROS was sequestered in the mitochondria. We next examined whether the mitochondria in smt -mutants could effectively carry on respiration by monitoring oxygen consumption rate using the MitoXpress oxygen probe as described previously (Cardenas et al., 2015) . As indicated in Fig. 6C , smt -mutants showed a 20%-25% reduction in oxygen consumption compared to WT and smt -/+SMT80 parasites. This modest reduction did not affect the ATP production in smt -when cells were incubated in either a respiration buffer which contained sodium pyruvate but no glucose (Supplemental Fig. S10C ) or a glycolysis buffer which contained glucose (Supplemental Fig. S10D , sodium azide was used as a control to inhibit respiration). Thus, the accumulation of mitochondrial ROS does not negatively affect energy production in smt -mutants under defined in vitro conditions.
Smt -mutants display attenuated virulence in mice
To determine if SMT or ergostane-based sterol synthesis is required for L. major to survive during the mammalian stage, we first performed a macrophage infection using stationary phase promastigotes as previously described (Racoosin and Beverley, 1997) . In comparison to WT and smt -/+SMT80 parasites, smt -mutants survived poorly in murine macrophages during a three-day period (Supplemental Fig.  S11 ), despite of increased LPG production. To evaluate virulence in mice, infective metacyclics were isolated from stationary phase promastigotes and injected into the footpads of BALB/c mice which are considered as susceptible hosts to L. major (Sacks and Noben-Trauth, 2002) . As indicated in Fig. 8A , WT and smt -/+SMT80 parasites caused rapid progression in lesion sizes and all mice had to be euthanized within 120 days post-infection. This correlated with increased parasite numbers over time in the infected footpads (Fig. 8B) . In comparison, the smt -mutants induced a delayed lesion development and lower parasite loads ( Fig.  8A and B) . To evaluate the role of SMT during the amastigote stage, we isolated amastigotes from infected footpads and injected them into naive BALB/c mice. As seen with promastigote infection, smt -amastigotes showed reduced virulence compared to WT and smt -/+SMT80 amastigotes ( Fig. 8C and D) . Finally, we examined the infectivity of smt -mutants in C57BL6 mice which are more resistant to L. major (Sacks and Noben-Trauth, 2002) . As illustrated in Fig. 8E and F, WT and smt -/+SMT80 promastigotes caused a mild pathology in C57BL6 mice and maintained parasite numbers at low levels. Similar results were observed with the smt -promastigotes although the mutants appeared to be more attenuated ( Fig. 8E and F) . Together, we conclude that SMT is important for L. major virulence in both the susceptible and resistant hosts.
Discussion
In trypanosomatid parasites, synthesis of endogenous sterols requires the transfer of a methyl group from SAM to the C24 position of sterol intermediates, generating A. or 37°C/5% CO 2 B. and cell viability were measured at 0, 18 and 38 h post inoculation (Black bars: WT, white bars: smt¯, gray bars: smt¯/+SMT80). C. WT or smt¯ parasites grown in the presence of absence of 0.5 µM of ITZ were incubated at 37°C/5% CO 2 . Cell viability was measured after 8 h. D. Log phase promastigotes (black bars: WT; white bars: smt¯; gray bars: smt¯/ +SMT80) were incubated with 0.5 µM of TMA-DPH for 20 min at 25°C or 37°C and the fluorescent depolarization was determined using a spectrofluorometer. Plasma membrane anisotropy was calculated as previously described (Xu et al., 2014) .
ergostane-based sterols (Goad et al., 1984; Urbina et al., 1996; Urbina, 1997) . The absence of SMT orthologues in mammals makes this enzyme an intriguing target. L. major genome contains two tandemly arrayed SMT copies whose corresponding peptide sequences differ from one another by only two amino acids (Supplemental Fig. S2 ). Genetic ablation of SMT orthologues in L. major resulted in total depletion of ergostane-based sterols and accumulation of cholesterol-like sterols ( Fig. 2 and Table 1) . In complementation studies, SMT80 restored sterol synthesis much more effectively than SMT90 (Fig. 2 and Table 1 ), suggesting that the two amino acids variation makes SMT80 more active or more stable. This apparent
donovani, the two SMTs differ in their 3′-and 5′-untranslated region sequences (Pourshafie et al., 2004) . While the first LdSMT (equivalent to L. major SMT80) is highly expressed in WT L. donovani, the second LdSMT (equivalent to L. major SMT90) is weakly expressed in WT cells (due to the lack of spliced leader) but strongly expressed in Amp B-resistant cells acquired through in vitro selection (Pourshafie et al., 2004) . Thus, the duplication of SMT may protect Leishmania against certain class of membrane perturbation agents. Despite the rather drastic alteration in sterol profile, smt¯ parasites were fully viable in culture with no obvious defects in replication, cell shape or metacyclogenesis (Fig. 1 ). They were able to tolerate heat stress while maintaining normal membrane fluidity (Fig. 5) , which put them in sharp contrast to our earlier observations with the C14DM-null mutants (Xu et al., 2014) . These findings indicate that: (i) the thermo-sensitivity (and possibly other stress response defects) of c14dm¯ parasites is mainly due to the accumulation 14-methyl sterol intermediates rather than the loss of ergostane-based sterols; and (ii) smt¯ mutants can partially substitute ergostane-based sterols with cholestane-based sterols for common membrane functions during normal culture conditions. Phenotypes of smt¯ are in line with a previous observation in L. donovani where continuous exposure to a sublethal dosage of azasterol (a SMT inhibitor) resulted in no major change in growth or cell morphology despite the depletion of 24-alkylated sterols (Haughan et al., 1995) .
The difference between ergosterol and cholesterol regarding their impacts on the condensation of phospholipid bilayer has been investigated in a number of experimental and molecular dynamics modeling studies with varying results (Czub and Baginski, 2006; Cournia et al., 2007; Mannock et al., 2010; Hung et al., 2016) . The effect of sterols on membrane thickness and fatty acyl chain ordering appear to be dependent on the composition of phospholipid species and the molar ratio of sterols:phospholipids. In our study, loss of endogenous A. To measure mitochondrial membrane potential, log and stationary phase parasites (day 1-4) were labeled with 100 nM of TMRE for 15 min and mean fluorescence intensities (MFI) were determined by flow cytometry. As controls, log phase WT or smt¯ parasites were pretreated with 75 µM of CCCp prior to TMRE staining. B. To measure ROS accumulation in mitochondria, log and stationary phase parasites (day 1-4) were treated with 5 µM of MitoSox Red for 25 min and MFIs were determined by flow cytometry. Relative mitochondrial ROS levels were plotted in comparison to WT levels. As a control, log phase WT parasites were pretreated with 10 µM of antimycin A prior to MitoSox Red labeling. C. Smt¯ mutants show lower oxygen consumption. Log phase promastigotes were resuspended in a respiration buffer and oxygen consumption was measured fluorometrically at 90 s intervals for 60 min (described in Experimental Procedures).
ergostane-based sterols makes the smt¯ parasites more susceptible to certain lipid synthesis inhibitors such as ITZ (targeting C14DM) and myriocin (targeting serine palmitoyltransferase) (Fig. 3) . This finding suggests that cholestane-based sterols need the activity from C14-demethylation and sphingolipids to maintain membrane functions. While Leishmania cells can tolerate significant alterations in their lipid composition, such alterations render them hypersensitive to further perturbation.
Curiously, the loss of ergostane-based sterols leads to increased production of LPG and GP63 (but not the localization or DRM association of these molecules) in smt¯ parasites (Fig. 4 and Supplemental Figs S6-S8). One possibility is that the cholestane-based sterols allow GPI-anchored molecules such as LPG and GP63 to be more tightly packed in the phospholipid bilayer, resulting in elevated incorporation into the plasma membrane. Alternatively, changes in sterol composition may affect the vesicular trafficking or compartmentalization of GPI-intermediates, causing abnormality in GPI-molecule synthesis. The influence of SMT in this regard is distinct from that of C14DM as the c14dm¯ mutants contain less LPG but more GP63 than WT parasites (Xu et al., 2014) , indicating that sterol synthesis has a complex impact on the production of membrane-bound GPI virulence factors.
Compared to WT parasites, smt¯ mutants show higher mitochondrial potential (Ψ m ) and swollen mitochondrial structure (Figs 6 and 7) . Although the lipid content of mitochondria in Leishmania has not been elucidated, an earlier study reported the presence of significant amount of endogenous and exogenous sterols in the mitochondrial fraction of T. cruzi epimastigotes (Rodrigues et al., 2001) , suggesting that sterols play important roles in organelles beyond the plasma membrane. Indeed, SMT inhibitors can significantly alter the ultrastructure and function of mitochondria in Leishmania amazonensis, leading to severe growth retardation (Rodrigues et al., 2002; Rodrigues et al., 2007) . In these studies, SMT inhibitors reduced the Ψ m of L. amazonensis, which seems to contradict our finding with L. major smt¯ (Rodrigues et al., 2007) . This discrepancy may be attributed to the species variation among Leishmania parasites, as L. major differs substantially from L. amazonensis/L. mexicana in lipid contents, energy metabolism and virulence determinants (Rodrigues et al., 2002; Ralton et al., 2003; Naderer et al., 2004; Zhang and Beverley, 2010) , although the off-target effects of inhibitors may also be in play. Similar studies with T. cruzi and T. brucei also revealed the impact of sterol synthesis inhibitors on mitochondrial morphology, ATP production and cell growth (Urbina et al., 1996; Gros et al., 2006a; Perez-Moreno et al., 2012; Kessler et al., 2013) .
For L. major smt¯, one important consequence of high Ψm is the accumulation of ROS in the mitochondria (Fig.  6 and Supplemental Fig. S10 ). ROS, mainly superoxide, may be generated from partial reduction of oxygen by electrons that leaked from complex I and/or complex III of the electron transport chain located on the inner mitochondrial membrane (Chen et al., 2003; Adam-Vizi and Chinopoulos, 2006; Quinlan et al., 2013) . In particular, under high Ψm, superoxide could be generated by reverse electron transfer which thermodynamically favors electron flow from complex II to complex I (Liu et al., 2002; Kowaltowski et al., 2009; Drose and Brandt, 2012) . Mechanism of elevated Ψm and ROS in smt¯ is under investigation. The altered sterol profile in these mutants may lead to defects in the inner mitochondrial membrane and leakage of electrons. Alternatively, smt¯ mutants may have defects in the detoxification of ROS. Despite the accumulation of mitochondrial ROS and a mild decrease in oxygen consumption, smt¯ mutants are capable of producing ATP as effectively as WT parasites (Supplemental Fig. S10C and D) . This is in line with the fact that smt¯ parasites are fully viable and replicative in culture.
Although smt¯ promastigotes grow normally and contain more LPG than WT parasites, they show attenuated virulence (in both disease forming capacity and replication potential) in mice (Fig. 8) . Compared to promastigotes, intracellular amastigotes reside in a low-glucose environment (the phagolysosome) and henceforth are more dependent on mitochondrial metabolism (McConville et al., 2007; Saunders et al., 2010; Saunders et al., 2014) . Therefore, defects in mitochondrial structure and/or function could make parasites vulnerable in the mammalian host, since Leishmania harbors only one mitochondrion per cell to handle the nutritional and immunological stress. While LPG is an important for L. major promastigotes to establish infection, it is not needed or synthesized during the amastigote stage (Descoteaux and Turco, 1999; Ilg, 2001; Ilgoutz and McConville, 2001 ). The increased expression of LPG does not overcome the virulence defect of smt¯, suggesting that any potential advantage during the establishment phase is not sufficient to offset the long-term deficiency in mitochondria functions. Our previous study on c14dm¯ showed that the L. major amastigotes incorporate a large amount of cholesterol from the host (Xu et al., 2014) . Nonetheless, the reduced virulence exhibited by c14dm¯ and smt¯ amastigotes suggests that ergostane-based sterols, despite being minor components, are still needed for parasite survival and in the mammalian host. Future investigations will examine the lipidome, proteome and biochemical properties of isolated mitochondria from promastigotes and lesion-derived amastigotes of WT and sterol mutants.
In summary, our results indicate that the synthesis of ergostane-based sterols is not absolutely essential for L. major promastigotes in culture. However, proper sterol composition is important for the maintenance of mitochondrial structure and physiology, as well as the proper synthesis of GPI-anchored virulence factors including LPG and GP63. Future studies will elucidate the roles of ergosterol synthesis in Leishmania development in the sandfly vector where parasites face challenges (from sandfly immunity and sandfly gut microbiota) that are difficult to recapitulate in culture. During the amastigote stage, inhibition of SMT alone may not be sufficient to clear L. major infection. Nonetheless, identifying the weakness of sterol synthesis mutants may assist the development of combination therapies that exploit their fitness loss. 
Experimental procedures
Molecular constructs
Oligonucleotides (primers) used in this study are summarized in Supplemental Table S1 . The predicted open reading frames (ORFs) of L. major SMT80 (LmjF.36.2380) and SMT90 (LmjF.36.2390) were amplified by PCR using primer pairs #322/#190 and #323/#190 respectively. Following digestion with BglII, the PCR products were ligated into the pXG vector (Ha et al., 1996) to generate pXG-SMT80 and pXG-SMT90.
An upstream flanking sequence (∼1kb) of SMT80 was amplified by PCR from L. major genomic DNA using primer pair #191/#192. A downstream flanking sequence (∼1kb) of SMT90 was amplified using primer pair #193/#194. The resultant DNA fragments were ligated in the pUC18 vector. Genes conferring resistance to puromycin (PAC) and blasticidin (BSD) were inserted between the upstream and downstream flanking sequences to generate pUC18-KO-SMT::PAC and pUC18-KO-SMT::BSD. All DNA constructs were confirmed by restriction digestion analysis and sequencing. DNA oligonucleotides used in this study are summarized in Supplemental  Table S2 .
Leishmania culture, genetic manipulation and Southern blot
Unless otherwise specified, L. major LV39 clone 5 (Rho/ SU/59/P) promastigotes were cultured at 27°C in the complete M199 medium (pH 7.4) with 10% fetal bovine serum (FBS) and additional supplements as described previously (Kapler et al., 1990) . To examine growth, promastigotes were cultured in M199 with a starting density of 1.0 × 10 5 cells ml -1
. Cell density was determined using a hemocytometer at specific time points. Percentage of dead cells was determined by flow cytometry following propidium iodide staining at 5 µg ml -1 (Xu et al., 2011) . In general, log phase promastigotes refer to replicative parasites at densities lower than 1.0 × 10 7 cells ml -1
, and stationary phase promastigotes refer to non-replicative parasites at densities higher than 2.0 × 10 7 cells ml -1
. Metacyclics were isolated from stationary phase promastigotes using the density centrifugation method (Spath and Beverley, 2001) .
The endogenous SMT alleles (SMT80 and SMT90) were deleted from wild-type (WT) L. major by homologous recombination as described previously (Beverley, 2003) , using linear knock out constructs from pUC18-KO-SMT::PAC and pUC18-KO-SMT::BSD. The resulting SMT-null mutants (∆SMT::PAC/∆SMT::BSD or smt‾) were confirmed by Southern blot. Briefly, following digestion with ScaI, genomic DNA samples were resolved in a 0.7% agarose gel, transferred to a nitrocellulose membrane and hybridized with a [
32 P]-labeled DNA probe targeting a ∼500-bp upstream region of SMT. To restore SMT expression, smt -parasites were transfected with pXG-SMT80, pXGphleo-SMT90 or both pXG-SMT80 and pXGphleo-SMT90 to generate smt -/+SMT80, smt -/+SMT90 and smt -/+SMT80&90 respectively. SMT transcript levels in WT, smt -, and SMT add-back parasites were determined by quantative reverse transcription-PCR (qRT-PCR) as previously described (Zhang et al., 2012) using primers from the common region of SMT80/ SMT90. The relative expression level of SMT was normalized to that of the endogenous α-tubulin mRNA using the comparative C t method, also known as 2 −ΔΔ(Ct) method.
Heat tolerance, stress response and drug sensitivity
To determine heat tolerance, stationary promastigotes (day 1) were incubated at either 27°C or 37°C/5% CO 2 and cell viability was measured at various time points by propidium iodide staining. Response to hydrogen peroxide, S-nitroso-N-acetylpenicillamine (SNAP) and acidic pH (pH 5.0) were determined as previously described (Xu et al., 2011) .
To examine parasite growth in lipid-free media, FBS from the complete M199 medium was replaced by 0.4% of fatty acid free bovine serum albumin (Sigma Aldrich). Parasites were washed in the serum-free medium and following two passages in the same medium, inoculated at 2 × 10 5 cells ml -1
. Culture densities were determined every 24 h using a hemocytometer.
For drug sensitivity, log phase promastigotes were inoculated in M199 medium at 1.0-2.0 × 10 5 cells ml -1 in the presence of ITZ (0-10 µM), Amp B (0-10 µM) or myriocin (0-80 µM). Culture densities were determined after 48 h. Effective concentrations to inhibit growth by 25%, 50% and 90% were determined through comparison to control cultures grown in the absence of drugs and referred to as EC25, EC50 and EC90 respectively.
Western blot
To determine the cellular levels of LPG and GP63, promastigotes were washed in phosphate-buffered saline (PBS) and resuspended in SDS sample buffer at 5.0 × 10 7 cells ml -1 ; cell lysates were then boiled and resolved by SDS-PAGE, followed by transfer to PVDF membranes; blots were probed with either mouse-anti-LPG mAb WIC 79.3 (de Ibarra et al., 1982) (1∶1000), mouse-anti-GP63 mAb #235 (1∶1000) or mAb anti-tubulin (1:1500), followed by goat anti-mouse IgG conjugated with HRP (1∶2000).
To generate detergent resistant membrane fractions (DRMs), promastigotes were lysed in 0.1% of Triton X-100 (prepared in PBS) at 1.0 × 10 8 cells ml -1 for 10 min at 4°C or 37°C. Detergent-soluble and -insoluble fractions were separated by centrifugation at 14,000 g for 2 min. Both fractions were boiled in SDS sample buffer and analyzed by Western blot. A FluorChem E system (Protein Simple) was used to detect and quantify signals.
Microscopy
Cellular localization of LPG and GP63 was analyzed as previously described (Zhang et al., 2004) . Briefly, parasites were attached to poly-lysine coated cover slips, fixed with 3.5% formaldehyde and permeabilized with ice-cold ethanol. Cells were labeled with either the mouse-anti-LPG antibody WIC79.3 or the mouse-anti-GP63 antibody (96-126, Cedarlane Labs, Canada), and then incubated with a goat anti-mouse IgG-FITC. All antibodies were diluted 1∶2000 in 2% bovine serum albumin prepared in PBS. DNA staining was performed with DAPI (2 µg ml -1 in PBS) for 10 min. Images were acquired using an Olympus BX51 Upright Fluorescence Microscope equipped with a digital camera.
To label mitochondria, parasites were resuspended in DMEM at 1 × 10 6 cells ml -1 and Mitotracker CMXRos (Thermo Fisher) was added to a final concentration of 100 nM. After incubation at 27°C for 30 min, parasites were washed in PBS and processed for fluorescence microscopy as described above. TEM of log and stationary phase promastigotes was performed as previously described (Zhang et al., 2005) .
Lipid analysis by mass spectrophotometry
For sterols, lipids were extracted from promastigotes using the Folch method (Folch et al., 1957) . Lipid samples were dissolved in methanol at the equivalence of 1.0 × 10 9 cells ml -1
. As an internal standard, cholesta-3,5-diene (FW = 368.84) was added to cell extract at 2.0 × 10 7 molecules/cell. Sterol analysis was performed using GC-MS as previously described (Xu et al., 2014) . To analyze phospholipids and sphingolipids, parasite lipids were extracted using the Bligh-Dyer approach (Bligh and Dyer, 1959) and examined by electron ionization mass spectrometry in the negative ion mode and positive ion mode as previously described (Pawlowic et al., 2016) .
Mouse footpad infection and murine macrophage infection
For virulence assay, metacyclic promastigotes (1 × 10 5 cells/mouse, isolated from day 3 stationary phase culture) or lesion-derived amastigotes (2 × 10 4 cells/mouse) were injected into the left hind footpad of 7-week-old female BALB/c or C57BL/6 mice (5-6 mice per group). Lesion sizes were measured weekly using a Vernier caliper. Parasite numbers in the infected footpad were determined by the limiting dilution assay (Titus et al., 1985) .
In vitro macrophage infection was carried out as described previously (Racoosin and Beverley, 1997) . Briefly, femur cells from BALB/c mice were differentiated into macrophages in presence of 20 ng ml -1 of recombinant macrophage colony-stimulating factor in complete Dulbecco Modified Eagle Medium with 10% FBS at 37°C/5% CO2. Macrophage infection was performed using promastigotes opsonized with C57BL/6 mouse serum at a multiplicity of infection of 10:1. At the indicated times, macrophages were fixed, permeabilized and stained with DAPI for microscopic analysis.
Anisotropy assay
The plasma membrane fluidity of promastigotes was determined by measuring the fluorescence depolarization of TMA-DPH as previously described (Xu et al., 2014) . Briefly, parasites were washed and resuspended in PBS at 5 × 10 6 cells ml -1
. Cell membrane was stained with TMA-DPH (0.5 µM) for 20 min at 25°C or 37°C in the dark. Anisotropic values were acquired using a T-mode C61/2000 spectrofluorometer from Photon Technology International (Lawrenceville, NJ).
Determination of mitochondrial membrane potential (Ψ m ) and ROS level
To determine the Ψm, promastigotes were resuspended in PBS at 1 × 10 6 cells ml -1 and labeled with 100 nM of TMRE for 15 min at 27°C. Cells were washed once in PBS and the mean fluorescence intensities (MFIs) in the FL2 were measured using a C6 Accuri flow cytometer with an excitation wavelength of 488 nm. Parasites pretreated with 75 µM of carbonyl cyanide 3-chlorophenylhydrazone (CCCp, for 10 min) were included as controls.
Mitochondrial superoxide accumulation was determined as described previously with minor modifications (Kathuria et al., 2014) . Briefly, log or stationary phase parasites were resuspended in PBS at 1 × 10 7 cells ml -1 and stained with 5 µM of MitoSOX red for 25 min at 27°C. Parasites were washed once in PBS and MFI was measured in the FL2 channel. To examine the level of cytoplasmic ROS, parasites were labeled with 5 µM of dihydroethidium for 30 min at 27°C followed by flow cytometry analysis. WT parasites pretreated with 5 µM of antimycin A or 75 µM of CCCp (for 10 min) were used as controls. All MFI readings were taken in triplicates.
Measurement of oxygen consumption and ATP production
Oxygen consumption was measured using the MitoXpress oxygen probe (Luxcel Biosciences, Cork, Ireland) as described previously (Cardenas et al., 2015) . Briefly, log phase parasites were washed and resuspended in a mitochondrial respiration buffer (5.5 mM of sodium pyruvate, 5.5 mM of deoxy-D-glucose in Hank's Balanced Salt Solution, pH 7.2) at 2 × 10 7 cells ml -1 . For each sample, 100 µl of parasite suspension was added in triplicates in a 96 black-well microtiter plate. WT parasites pretreated with 10 µM of antimycin A was used as negative control. Ten microliters of 1 µM MitoXpress was added to each well. A layer of mineral oil (100 µl/well) was added over the cells to prevent diffusion of atmospheric oxygen. MitoXpress signal was measured at 90 s intervals for 60 min using excitation/ emission wavelengths of 380 nm/650 nm in a BioTek synergy 4 fluorescence microplate reader. The rate of signal increase was used to determine oxygen consumption rates.
ATP levels were measured using a CellTiter-Glo luminescent assay kit (Promega) as described (Perez-Moreno et al., 2012) . Briefly, to determine mitochondrial ATP production, parasites were washed and resuspended in a respiration buffer (21 mM of HEPES, 0.7 mM of Na 2 HPO4,137 mM of NaCl, 5.5 mM of 2-deoxy-D-glucose and 5.5 mM of sodium pyruvate, pH 7.2) at 4 × 10 6 cells ml -1
. To determine glycolytic ATP production, parasites were washed and resuspended in a glycolytic buffer (21 mM of HEPES, 0.7 mM of Na 2 HPO4, 137 mM of NaCl, 5.5 mM of glucose and 20 mM of sodium azide) at 4 × 10 6 cells ml -1
. After incubation for 1 h at 27°C, glucose-free HBS buffer plus was used to inhibit glycolytic ATP generation. Twenty-five microliter of suspension (corresponding to 1 × 10 5 cells) were transferred to a 96 black-well plate, mixed with equal volume of the CellTiter-Glo reagent and incubated for 10 min in the dark. Bioluminescence was measured using a DTX 880 microplate reader. ATP standard curve was prepared by diluting pure ATP stock in the same buffer.
Statistical analysis
Unless otherwise specified, all experiments were repeated at least three times; symbols or bars in figures represent mean values from three experiments; and error bars represent standard deviations from three experiments. The difference between two groups was determined by the Student's t test using Sigmaplot 11.0 (Systat Software Inc, San Jose, CA). P values indicating statistical significance were grouped into values of < 0.05 (*), < 0.01 (**) or < 0.001 (***).
